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Measurement of the pulmonary blood volume by the Stewart-Hamilton method would entail injection of indicator into the main pulmonary artery and sampling from the left atrium. However, while insertion of a catheter into the left atrium of the dog is technically feasible, an unknown portion of the left atrial volume will be included in the measurement. A more serious objection is the evidence that the process of mixing of dye with blood in the left atrium is incomplete (4, 5) , and thus one of the conditions for valid application of the Stewart-Hamilton method is not fulfilled. The interposition of the left ventricle and aortic valve is essential to achieve uniform cross-sectional distribution of indicator at the sampling site (6, 7) . Therefore, it is necessary to place the tip of the sampling catheter in the aortic root distal to the aortic valve. The blood volume between the site of injection (main pulmonary artery) and the sampling site thus comprises both lungs and the chambers of the left side of the heart. This is probably the nearest approximation to the pulmonary blood volume that can be measured at present by the method.
Newman, Pearce and associates (8, 9) , using a different analysis of indicator dilution curves, introduced the concept that the "slope volume" provides a measurement or index of the pulmonary blood volume. The slope volume is a func- tion of the blood flow and the rate of diminishing concentration of the indicator during the phase between the peak concentration and commencing recirculation, hereinafter referred to as the "disappearance slope." The concept of slope volume has been derived from both theoretic reasoning and from demonstrations in model systems which have shown that, in a series of perfect mixing chambers, the largest single chamber will dominate the disappearance slope of the dilution curve, the other chambers influencing this slope only in the initial phase. The original assumption of Newman and his co-workers was that the lungs and heart chambers constitute such a series and that, therefore, the lungs, which presumably have the largest blood volume, should dominate the disappearance slope of the indicator dilution curve. More recently, Emanuel, Lacy and Newman (10) have defined the slope volume as "a volume of blood which would produce the exponential slope obtained if the flow mixed with all of the volume as if the volume were contained in a single completely mixed chamber (or a chamber made of parallel channels, all having the same ratio of flow to mixing volume)."
In the Stewart-Hamilton method for deriving the blood volume of the lungs and the left side of the heart, changes in pulmonary blood volume might well be obscured by simultaneous but opposite changes in blood volume in the left side of the heart. The slope volume, however, by providing an estimate of the blood volume of the lungs alone, might be expected to avoid such uncertainties. Therefore, the present studies were designed to test the validity of the slope volume as an index of the volume of blood in the lungs.
METHODS
Sixteen mongrel dogs weighing 14 to 25 kg were used. used, this densitometer-galvanometer system responded to a "square wave" input of cardio-green dye in blood by reaching 90 per cent of its maximal deflection in 0.20 second at the sampling rates of 100 to 120 ml per minute used throughout the studies (Figure 2 ). These sampling rates were achieved by use of vacuum suction at about 1.5 kg per square centimeter. A time correction was made in each instance for the mean transit time of indicator through the sampling system at the particular sampling rate used.
The indicator dilution curves obtained by this system show step functions (Figure 1 ). These are synchronous with the heart beat and represent changes in the concentration of dye at the aortic root weight. It is of interest that Dow (12) found a practically identical ratio, namely 0.31, between slope volume and central volume in dogs. Thus, the slope volume is about 30 per cent of the blood volume in the lungs and left side of the heart. Some data obtained in our laboratory suggest that the lungs account for about two-thirds of the combined volume (13) . This would make the slope volume about 45 per cent of the pulmonary blood volume.
These volumes were compared with nine determinations in seven dogs in which the femoral artery was used as the sampling site. Under these circumstances, the volume by the StewartHamilton method averaged 227 ml (SE 15.9) per 10 kg of body weight, while the slope volume averaged 50 ml (SE 2.3) per 10 kg of body weight. The increase in the former volume was consistent with the different extent of the vascular bed included between the injection and sampling sites (13) . The slope volume, however, was strikingly constant, a finding previously reported by Pearce, McKeever, Dow and Newman (9) .
As already noted, the volume of the pulmonary vascular bed in two dogs was acutely and intermittently reduced by inflation of a balloon in the pulmonary artery. In one of these animals, the right pulmonary artery was occluded, the com- BALLOON pleteness of the occlusion being confirmed by angiography ( Figure 4 ). During occlusion, the cardiac output either remained unchanged or showed a modest decrease. These results are similar to the findings of Brofman (14) in normal man. However, the mean transit time of the indicator was reduced by about one-third ( Figure  1 ). Since the volume of blood in the lungs and left side of the heart is the product of the cardiac output and the mean transit time, this volume was reduced by about one-third, the average volume decreasing from 332 to 229 ml ( Figure 5 ). Volumes measured immediately on occlusion and five minutes later were similar. However, the slope volume was only slightly affected by the occlusion, the average volume decreasing from 91 to 80 ml ( Figure 5 ). In the other dog, the lobar arteries to the lower half of the right lung were occluded, as confirmed by angiography. There was a corresponding decrease in the volume of blood in the lungs and left side of the heart of about one-fifth (427 to 335 ml), again with no consistent change in the slope volume, the average of which decreased from 149 to 139 ml (Figure 6 ). The procedure was repeated many times and yielded reproducible results (Figures 5 and 6 ).
DISCUSSION
The Stewart-Hamilton method depends on good mixing of the indicator with blood at the injection and sampling sites and also on constant flow during the period of observation. The first of these requirements is best fulfilled by injecting into the pulmonary artery and sampling from the aortic root (6, 7) , as was done in these studies. The second requirement is not fulfilled, since flow through the aortic valve is not constant but pulsatile. That this theoretic objection may not be important in practice is suggested by the recent work of Schlant and associates (3), who found close agreement in measurement of the "central blood volume" in dogs by the Stewart-Hamilton method and by a technic using erythrocytes labeled with radiochromium (Cr51) .
The Stewart-Hamilton method makes no assumptions regarding the nature of blood flow through the lungs and is, therefore, valid whether such flow be laminar or turbulent. In contrast, the slope-volume method is based on the proposition that the lungs and heart chambers are a series of perfect mixing chambers. It is doubtful if the lungs can be so regarded (15) (16) (17) . Theoretically, /00 H-0 movement through a capillary bed such as that of the lungs provides random scattering and longitudinal dispersal of the particles of dye rather than mixing. Sheppard and Savage (15) and Sheppard (16) have shown that the problem is more akin to the "random walk." Only when the dispersing effect is not too great can an approximately log-normal distribution in time of the outflowing dye be predicted, and this condition does not obtain in the large pulmonary capillary bed. Parrish, Hayden, Garrett and Huff (17) studied pulmonary transfer characteristics with radioisotope dilution technics, using an analog computer in such a way that both transport delay and dispersion could be varied independently. They found that the vessels of the lungs behave as a system with linear flow and not as a mixing pool. Thus, it appears that the lungs cannot achieve the perfect and instantaneous mixing that is the chief assumption on which the slope-volume method is based.
It has been proposed recently that the increase in slope volume in mitral regurgitation indicates an increase in pulmonary blood volume or "effective mixing volume" (10) . However, in mitral regurgitation, in addition to an enlarged upstream chamber, a to-and-fro flux of dye particles occurs across the incompetent valve, which in itself can spread the indicator dilution curve, decrease the disappearance slope, and thus increase the slope volume (18) . The fact that the disappearance slope can be plotted semilogarithmically to yield a straight line is no guarantee that the disappearance slope is a single exponential function (19) . It has become clear, through the use of sampling and recording systems with high dynamic response characteristics, that indicator dilution "curves" show step-like alterations in concentration corresponding to successive ventricular ejections (Figure 1 ), particularly when a central sampling site is used (20) . Thus, when points are replotted on a semilogarithmic scale at short intervals of time, such as 0.5 second, they do not fall along a straight line, although the general trend is linear. In the present experiments, we constructed the best possible rectilinear fit through these points, designating this as the "slope." The absence of a completely smooth slope, which becomes evident when systems with high dynamic response characteristics are -employed, is in itself an objection to the use of this parameter as a measure or an index of an intravascular volume.
As already noted, under the conditions of our studies the slope volume is about 30 per cent of the blood volume of the lungs and left side of the heart. Previous observations have suggested that about two-thirds of the blood volume between the pulmonary and aortic valves is contained in the lungs. Thus, as mentioned earlier, the slope volume is probably about 45 per cent of the total pulmonary blood volume. When the sampling site was changed from the aortic valve to the femoral artery, only slight changes in the slope volume were observed that were incommensurate with the changes in actual volume included between the two sites. These results could be interpreted as supporting the contention that the slope volume measures a volume directly related to the pulmonary blood volume. If so, a pronounced reduction in the slope volume would be anticipated after occlusion of one of the pulmonary arteries or branches thereof. However, such a reduction could not be demonstrated. It might be held that occlusion of the right pulmonary artery resulted in redistribution of blood, so that the left lung now contained an increased quantity of blood; this was not borne out by the concomitant Stewart-Hamilton calculations, which showed consistent reduction in this volume during periods of occlusion.
Thus, the slope volume neither gives a measurement of the volume of blood within the lungs nor consistently reflects the magnitude of changes induced therein.
SUMMARY
Studies were carried out to test the validity of the Newman slope-volume method as an index or measurement of the volume of blood in the lungs. Indocyanine (cardio-green) dye was injected into the pulmonary artery of the dog, and indicator dilution curves were inscribed at the aortic root using a densitometer with a high frequency response. Sampling was from the aorta rather than the left atrium to ensure adequate mixing of the dye with blood. The StewartHamilton method was used to derive the volume of blood in the lungs and the chambers of the left side of the heart; the Newman method was used to calculate the slope volume.
In 36 determinations in 16 dogs, the volume of blood in the lungs and left side of the heart was 156 ml (SE 3.9) per 10 kg of body weight, whereas the slope volume was 48 ml (SE 1.7) per 10 kg of body weight. Thus, the slope volume is about 30 per cent of the volume in the lungs and left side of the heart and it is probably about 45 per cent of the pulmonary blood volume.
With repeated temporary occlusion of the right main pulmonary artery, the volume of blood in the lungs and left side of the heart decreased from an average of 332 to 229 ml, while the average slope volume decreased from 91 to 80 ml. With occlusion of the arteries to the lower half of the right lung, the former volume decreased from 427 to 335 ml, while the latter decreased from 149 to 139 ml.
With the assumption that the Stewart-Hamilton method is valid, it appears that the slope volume neither gives a measurement of the volume of blood in the lungs nor reflects the magnitude of changes induced therein.
